A b s t r a c t. The rheological behaviour of vinasses derived from sugar cane was studied as a function of time (0 and 600 s), soluble solids content (44 and 60 °Brix), temperature (10 and 50°C), and shear rate (0.33 and 1.0 s -1 ). The results indicated that vinasses were time-independent at 25°C, where shear stress values ranged between 0.01 and 0.08 Pa. Flow curves showed a shear-thinning rheological behaviour in vinasses with a flow behaviour index between 0.69 and 0.89, for temperature between 10 and 20°C. With increasing temperature, the flow behaviour index was modified, reaching values close to 1.0. The Arrhenius model described well the thermal activation of shear stress and the consistency coefficient as a function of temperature. Activation energy from the Arrhenius model ranged between 31 and 45 kJ mol -1 . Finally, the consistency coefficient as a function of the soluble solids content and temperature was well fitted using an exponential model (R 2 = 0.951), showing that the soluble solids content and temperature have an opposite effect on consistency coefficient values.
INTRODUCTION
Vinasses are organic residues in the liquid state produced by ethanol industry; they are generated in a proportion of approximately 12-15 l for each litre of alcohol produced (Lozano et al., 2010; Santos et al., 2013) . The properties of vinasses depend on the raw material used for ethanol production, thus vinasses derived from maize, barley, and wheat have a high quantity of insoluble solids; in contrast, vinasses derived from sugarcane, sugar beet, grape, agave, or sweet sorghum have a high proportion of soluble solids (Gamboa et al., 2011) . In general, vinasses are characterized by having a dark brown colour, pH between 3.5-5.0, high organic content, and chemical oxygen demand values between 50-150 g l -1 (Gamboa et al., 2011) . Regularly, vinasses are directly disposed of in the environment. Particularly, they are used as a fertilizer due to the high concentration of potassium and calcium, as well as their high organic content (Gamboa et al., 2011; Prasad et al., 2008) . However, it is well accepted that vinasses can pollute soil and groundwater due to their high organic content and dissolved solids. In addition, this residue has phytotoxic, antibacterial, and recalcitrant compounds that can alter the ecosystem (Gamboa et al., 2011) .
Knowledge of rheological properties of vinasses is very important, because it can be used for different engineering applications such as equipment design, designing of transport system, pump capacity design, and power requirements for mixing (Dak et al., 2008a) . Shear-thinning properties of biological systems are frequently characterized by means of shear stress vs. shear rate rheological tests, which are used to characterize rheological parameters such as yield stress (t o ), consistency coefficient (K), and flow behaviour index (n) (Chaves et al., 2013) . Understanding flow properties of vinasses, at different concentrations and temperature, could help to improve vinasse disposal in ethanol industry.
A limited number of investigations are reported in literature about the rheology properties of vinasses. Lozano et al. (2010) studied the effect of temperature (20-35°C) on the rheological properties in vinasses. No information about vinasse solids content was provided in this report. The authors reported a non-Newtonian behaviour in vinasses that were well fitted to the Herschel-Bulkley model. For all fits, the yield stress (t o ) ranged between 0.09-0.11 Pa, and the flow behaviour index (n) varied between 1.0 and 1.1. Perez et al. (2000) also studied the rheological behaviour of vinasses at different soluble solids content (31-73 °Brix) and temperatures (22-90°C). The authors reported a seconddegree polynomial dependence between the apparent viscosity and temperature; they did not report pseudoplastic rheological models.
This study aims to characterize the structural, and rheological properties of vinasses, reporting a more detailed analysis, related to their dependence on the soluble solids content, shear rate, and temperature.
MATERIALS AND METHODS
A vinasse sample with soluble solids content (SSC) of 42°Brix was obtained directly from sugar cane industry in the state of Valle del Cauca (Colombia).
The chemical composition was determined in vinasse raw material with a SSC = 42°Brix. Water content, ash, and crude fat were determined using the AOAC methods (AOAC, 1990a (AOAC, , 1990b (AOAC, , 1990c . Crude protein was examined using the Kjeldahl method and using a conversion factor of 6.25 (Kjeldahl, 1883) . Crude fibre was analyzed by means of the Van Soest method (Soest and Wine, 1967) . Total carbohydrate content was calculated by weight difference. Chemical determinations were performed at least twice.
Firstly, vinasse (42°Brix) was concentrated by the heating process at 100°C to obtain vinasse concentrations at 44, 47, 50, and 60 ± 0.2°Brix. The soluble solids content (°Brix) was determined using a refractometer (ATAGO HRS-500, Tokyo, Japan).
Light microscopy (LM) characterization was performed in vinasses (44, 47, 50, and 60±0.2°Brix) . Samples were placed directly on the microscope (Zeiss, AxioLab. A1, Oberkochen, Germany) and then obeserved at two magnification levels, 20x and 40x. Images were captured with an AxioCam (ICc1, ZEN-2, Oberkochen, Germany) and they were analysed using software ImageJ v 1.39 (National Institute Health, Bethesda, MD, USA).
The rheological properties of the vinasses (44, 47, 50, and 60 ± 0.2°Brix) were measured using a viscometer (DV-E Brookfield, Middleboro, MA, USA). Firstly, the shear stress (t) was measured as a function of time (600 s) at 25°C. Secondly, the shear stress (t) was measured as a function of the shear rate ( γ ), which was increased from 0.33 to 1.0 s -1 . For this rheological test, vinasses were loaded into a cylindrical cup and conditioned in a water bath at specific temperature (10, 20, 30, 40, and 50±1°C) . All rheological tests were performed using a spindle type S-61 and five hundred millilitres of vinasse. All analyses were realized at least three times using the Brookfield viscometer between 10-90% full torque scales.
An analysis of variance (ANOVA) and Tukey test of multiple comparisons were accomplished with a significance level of 5% (SAS software, version 9.2). All fitting curves were done using MS-Excel software ®, Origin (version 6.1) and Statistica (version 10.0).
RESULTS AND DISCUSSION
Vinasse had a chemical composition as follows: water content (19.30%), ash (19.52%), crude protein (6.05± 0.64%), crude fat (0.11%), crude fiber (0.47%), and carbohydrate contents (74.52%). The ash and protein contents in vinasse are similar to those reported previously by Cortez and Pérez (1997) and Ahmed et al. (2013) .
According to Ahmed et al. (2013) , the chemical composition of vinasse is variable and depends on the raw material used for ethanol production, as well as alcoholic fermentation, types of yeast, and the distillation and separation industrial processes.
Light microscopy micrographs of vinasses were studied at two magnification levels ( Fig. 1) . At the smaller magnification (Fig. 1a , c, e, g), it can be seen that the particle number increased with the SSC. In addition, at the higher magnification (Fig. 1b, d , f, h), it was observed that the particle size was not altered with SSC. Hence, two particle sizes were observed: the first particle size between 4-13 µm and the second particle size between 90-130 µm. These results indicated that the heating process led to water evaporation but did not alter the particle size.
The time-dependence revealed a strong effect of SSC on shear stress values (Fig. 2) . Hence, higher shear stress values were obtained in vinasses with SSC = 60°Brix. The shear stress values in vinasses were significantly different (p < 0.05), except for vinasses with SSC = 44 and 47°Brix, where insignificant differences were registered (p > 0.05). More importantly, these results indicate that all samples achieved an instantaneous equilibrium condition, where the shear stress values were not altered during the time of analysis (600 s). No alteration of shear stress vs. time is frequently reported in systems without thixotropic behaviour (Juszczak et al., 2012) .
The flow curves of vinasses showed a non-linear increase in shear stress as a function of shear rate (Fig. 3) . Based on least-square analysis of the corresponding data, the shear stress vs. shear rate curves were well fitted to the power law model (0.991 < R 2 < 1.0):
where: t is the shear stress (Pa), K is the consistency coefficient (Pa s n ), function of the shear rate ( γ ), and n is the flow behaviour index (dimensionless).
Parameters from the power law model are reported in Table 1 . The flow curves in vinasses were characterized by having two rheological behaviours. Firstly, a pseudoplastic or shear-thinning behaviour (0.69≤ n ≤0.89) was observed in vinasses for temperatures between 10 and 20°C. Secondly, with an increase in temperature (T = 30, 40 and 50°C), it was observed that the n values were close to 1.0, indicating an approach to the Newtonian model (t=h γ ).
The consistency coefficient was altered by SSC and temperature (p < 0.05). In addition, the flow behaviour index only was altered by temperature (p < 0.05), except for the vinasse sample with SSC = 44°Brix. Low temperatures (T = 10 and 20°C) promoted the formation of hydrogen bonds between macromolecules-macromolecules and macromoleculeswater, hence, the non-linear increase in shear stress as a function of the shear rate was due to the breakdown of structural units caused by hydrodynamic forces generated during cutting (Grigelmo et al., 1999; Nurul et al., 1999; Valencia et al., 2013) . High temperatures, such as T = 30, 40, and 50°C promoted the breakdown of weak interactions (hydrogen bonds) between macromoleculesmacromolecules and macromolecules-water, obtaining a rheological behaviour typical of liquid systems (Grigelmo et al., 1999) . For the same temperature, the increase in SSC led to an increase in shear stress values caused by a higher proportion in hydrated macromolecules and hydrogen bonding with the hydroxyl groups of solutes (Manjuantha et al., 2012). Previously, Lozano et al. (2010) reported the pseudoplastic behaviour in vinasses, and these systems were well fitted to the Hesrchel-Bulkley equation, reporting n values between 1.01 and 1.10. For a shear rate constant, the shear stress (t) decreases exponentially with the temperature and it was well fitted to the Arrhenius model:
where: t o is a constant parameter (Pa), E a is the activation energy (kJ mol -1 ), R is the universal constant gas (8.314 J mol -1 K -1 ) and T is the absolute temperature (K) (Rao et al., 1997) .
The parameters from the Arrhenius model of shear stress vs. temperature are reported in Table 2 . Activation energy indicates sensitivity of the shear stress to temperature changes. Higher activation energy means that the shear stress is relatively more sensitive to the temperature (Quek et al., 2013) . For the same SSC, it is clear that the shear stress values were more sensitive to the temperature changes when low shear rates were applied (Fig. 4 and Table 2 ). This result suggests that the shear rate promoted the rupture of weak interactions such as hydrogen bonds in vinasses.
High shear rates ie 0.83 and 1.00 s -1 , led to small differences in activation energy values in vinasses with different SSC (Table 2 ). This result suggests the existence of a shear rate limit, surpassing this limit, and shear stress values are only influenced by temperature modifications. The existence of a shear rate limit is an important result to be used in industrial equipment design (eg agitator, heat exchanger), and designing of vinasse transport and pump capacity (Dak et al., 2008a) .
Similarly, the consistency coefficient decreased exponentially with the temperature and it was well fitted to the Arrhenius model:
where K o is a constant parameter (Pa s n ). For vinasses with SSC between 44 and 50°Brix, the activation energy remained constant (Fig. 5, Table 3 ), indicating the same thermal sensitivity for the systems. However, for vinasses with SSC = 60°Brix, the E a value increased, indicating a higher thermal sensitivity of the system. High SSC (60°Brix) promoted high hydrogen bonds between macromolecules-macromolecules and macromolecules-water, resulting in an increase in consistency. In addition, these interactions were more sensitive with temperature modifications. Similar behaviour was reported in food systems such as tomato concentrate, pineapple juice, enzyme clarified Indian gooseberry juice, and sugar cane syrups (Dak et al., 2008a,b; Mechetti et al., 2011; Manjuantha et al., 2012) , where the consistency coefficient decreased with the temperature but also increased with SSC. The combined effect of temperature and SSC on the consistency coefficient in vinasses was well fitted to the exponential model:
where: A (Pa s n ) and B (°Brix -1 ) are constant parameters and X is the SSC (°Brix).
The consistency coefficient was altered by both the variables (T and X) (Fig. 6) . Parameters from the exponential model were calculated using least-square analysis, obtaining the following values: A = 2.12x10 -10 Pa s n , E a = 33.22 kJ mol -1 , and B = 1.13 (°Brix -1 ). The R 2 for the exponential model was 0.951. In the present study, the activation energy is higher than that reported in food systems fitted to the same exponential model (Dak et al., 2008a,b; Vélez and Barbosa, 1997 ).
The effect of temperature and SSC on the consistency coefficient is opposite because the temperature causes a decrease while SSC causes an increase in the K values. Hence, the more concentrated vinasses required more energy. In contrast, higher temperature process in vinasses required less energy in pumping and mixing industrial process. This behaviour has been reported previously in food systems such as concentrated milk, tomato concentrate, and pineapple juice (Dak et al., 2008a,b; Vélez and Barbosa, 1997) .
CONCLUSIONS
1. The experimental results show that the rheological properties of vinasses are controlled by the temperature in the range of 10 to 50°C and soluble solids content between 44 and 60°Brix. Flow curves were well fitted to the power law model, obtaining flow behaviour index values typical of pseudoplastic systems. Pseudoplastic behaviour changes when temperature increases.
2. The consistency coefficient showed an Arrhenius thermal activation. The consistency coefficient decreased and increased with the temperature and soluble solids content, respectively. The results are consistent with the interpretation that the soluble solids content increases the quantity of intermolecular forces within the system, increasing in this way vinasse viscosity. The effect of temperature on the shear stress values (fixing a shear rate value) can also be explained by means of the Arrhenius model.
3. The dependence of the consistency coefficient on both the soluble solids content and temperature was well described by an exponential model with an activation energy value of 33.22 kJ mol -1 , a value that was higher to that reported in food systems. The present study demonstrates new findings related to the rheological properties of vinasses and could serve for future research in the simulation and design of industrial equipment oriented to the treatment of organic residues.
